The temperature dependence of the yield of chlorophyll a fluorescence was measured at room temperatures in living algal cells and higher plant chloroplasts. 3-(3',4'-Dichlorophenyl)-1 ,1-dimethylurea was added to the samples during the measurements in order to eliminate the influence of photosynthetic photochemical reactions on the fluorescence yield.
Intensive studies on isolated chloroplasts and intact cells have revealed that changes in fluorescence yield are affected by factors such as quenching produced by the functioning of the photochemical reaction center of photosystem 2 (5, 11, 14, 20) ; configurational changes of thylakoid membranes induced by cations (7, 16, 18, 19) ; pigment state 1 to state 2 shifts (2, 15, 17) ; and 2Camegie Institution of Washington Postdoctoral Fellow. 3 To whom reprint requests should be sent.
quenching caused by the high energy state of thylakoid memt branes (21, 29) . In the present study we investigated the effecof temperature on the yield of Chl a fluorescence and found that the fluorescence of Chl a is a native probe for detecting the transition of the physical phase of lipids in the thylakoid mem- brane.
In biological membranes as well as in model membranes, Trauble and Overath (23, 27, 28) used artificial fluorescent probes such as 1-anilinonaphthalene-8-sulfonate and N-phenyl-1-naphthalene to detect the transition of the physical phase of membrane lipids. The fluorescence yield of these reagents responds to the phase transition by showing a characteristic feature in the temperature versus fluorescence curve. When the membrane lipids are either in the solid or in the liquid crystalline state, the fluorescence yield increased monotonously with decreasing temperatures. In a model membrane composed of a single lipid species, the fluorescence yield showed a drastic decrease at the phase transition from the liquid crystalline to the solid state. Because the phase transition occurs over a range of temperatures (within several degrees centigrade), a maximum appears when the lipid begins to solidify and a minimum appears when the solidification is completed. Colbow (3) found that Chl a in phospholipid model membranes also functioned as a fluorescent probe for detection of the transition of the lipid phase.
The lipid composition of the biological membranes is complex. There seems to be a temperature region of mixed solidliquid crystalline state in which the solid as well as the liquid crystalline states both exist but are separated laterally (13) . Although the temperature versus fluorescence curve is not simple in these cases, a characteristic feature of these curves is the appearance of a maximum and a minimum (23) .
It was found in the previous study (22) that the transition of the membrane lipids from the liquid crystalline to the mixed solid-liquid crystalline state occurred at room temperatures in the blue-green alga Anacystis nidulans. The transition detected by the ESR signal of a spin label was found to occur near 24 C and 13 C in cells grown at 38 C and 28 C, respectively. Some biological activities showed transitions in the Arrhenius plots near these temperatures. The yield of Chl a fluorescence showed a maximum near the temperature of phase transition. It was assumed that Chl would be a native fluorescent probe to detect the transition of physical phase of membranes.
This study was undertaken to define better the temperature dependency of fluorescence yield in relation to the physical state of membrane lipids. 791
MATERIALS AND METHODS
Algal cells were grown in inorganic media under 4000 lux of fluorescent light illumination. Anacystis nidulans was grown at 19, 28 , and 38 C in Kratz and Myer's C medium (12) . Plectonema boryanum was also grown in the same culture medium at 23 C. Phaeodactylum tricornutum and Stichococcus bacillaris were grown at 23 C in artificial sea water medium (10) . Cyanidium caldariuni was grown at 38 C in Allen's medium (1) . Euglena gracilis and Chlorella pyrenoidosa were grown at 28 C in Cramer and Myers's medium (4) 
RESULTS
The effects of temperature on the yield of Chl a fluorescence were investigated in Anacystis that was grown at different temperatures. Figure 1 shows the curves for temperature versus fluorescence yield when Chl a was excited with 430-nm light. In cells grown at 38 C, a maximum appeared at 16 C on decreasing and at 21 C on increasing the temperature. Although it was only occasionally observed, Figure 1 shows a shoulder at 24 C on the curve for decreasing temperature. No such shoulder appeared in the other curves obtained from the two cultures grown at the lower temperatures. In the organism grown at 28 C the maximum appeared at 11 C on decreasing and at 14 C on increasing the temperature. In cells grown at 19 C the maximum appeared at 9 C on decreasing and at 12 C on increasing the temperature.
A minimum in the fluorescence yield was not found in the temperature versus (Fig. 1) . This hysteresis effect tended to be more distinct when higher rates of temperature change were used. The most pronounced case was seen in cells grown at 38 C in which the maximum was found at 13 C using a cooling rate of 2 C/min and at 16 C with a cooling rate of 0.5 C/min. The dotted line for the cells grown at 28 C in Figure 1 shows the extent of the hysteresis effect. It is of interest that Trauble and Overath observed such a hysteresis in the case of artificial fluorescent probes in model and biological membranes (23, 28) .
The temperature dependences of sensitized fluorescence of Chl a and allophycocyanin were also measured upon the excitation of phycocyanin in Anacystis. Figure 2, figure) . It can be noted that the maxima of Chl a fluorescence appeared at higher temperatures when phycocyanin was excited than when Chl a was excited (cf. Fig. 1 ). Figure 2 , lower part, also shows the temperature dependence of the fluorescence yield of allophycocyanin in Anacystis grown at 38 C. No maxima were seen in this case but instead there was a steep rise in fluorescence yield when the temperature was decreased below 5 C.
No such characteristic changes in fluorescence yield upon changing temperature were observed in Chl a or in phycobilins extracted from Anacystis grown at 38 C, as can be seen in the temperature versus fluorescence curves for Chl a in an acetonewater mixture (80:20, v/v) or for phycobilins in an aqueous solution (Fig. 3) . In this case the curves showed only a monot- onous decrease of fluorescence yield upon increasing the temperature. These findings suggest that the characteristic changes of yield of Chl a fluorescence and allophycocyanin fluorescence in the intact cells are attributable to the interaction of these pigments with the thylakoid membrane.
Maxima in the fluorescence yield of Chl a versus fluorescence curves were also observed in the thermophilic unicellular alga Cyanidium caldariumn and in Euglena gracilis. A maximum and a minimum appeared at 29 C and 24 C, respectively, in Cyanidium upon increasing the temperature, although these were not seen when the temperature was decreased (Fig. 4) . The maximum in the temperature versus fluorescence curve appeared in Euglena gracilis at 11 C on decreasing the temperature and at 21 C on increasing the temperature (Fig. 5) . In the isolated chloroplasts of Euglena, a maximum, though less distinct than in the intact cells, appeared at 8 C on decreasing the temperature (not shown in the Fig.) . It The temperature dependence of Chl a fluorescence was also DISCUSSION The present study indicates that in some algae, the fluorescence yield of Chl a shows characteristic features of the temperature-dependence curves that are related to the transition of the phase of the lipids of the thylakoid membranes. This is consistent with the finding by Colbow (3) that Chl a in a phospholipid model membrane functions as a fluorescent probe for the detection of the temperature-induced phase transition of lipids. Colbow found that the fluorescence yield was drastically decreased when the temperature passed through the phase transition point from the high to the low.
In our previous study (22) , we found that the transition of the spin probe signal in membrane fragments of Anacystis occurred at 24 C in cells grown at 38 C and at 13 C in cells grown at 28 C; we suggested that these temperatures corresponded to the transition of the physical phase from the liquid crystalline to the mixed solid-liquid crystalline states. The transition temperature corresponds to a beginning of solidification of membrane lipids. The temperatures of the maximum of fluorescence yield was close to this phase transition temperature especially upon increasing the temperature.
Holton et al. (9) the temperature of phase transition is lower with a lower degree of saturation. It was noted in this study that the fluorescence maximum appeared at a lower temperature when Anacystis was grown at a lower temperature. This would appear to be related to the change in the fatty acid composition of thylakoid membranes with the growth temperature. These relationships seem to explain the dependence of growth temperature and the temperature of maximum fluorescence.
In the biological membranes the lipid composition is complex with respect to the lipid species and fatty acids. The thylakoid membrane of Anacystis, for example, contains, as major lipid components, monogalactosyl diglyceride ('30%), digalactosyl diglyceride (-10%), sulfoquinovosyl diglyceride (-10%), and phosphatidyl glyceride (-10%) (8) . The fatty acid composition is also complex in each lipid species.
Philips et al. (24) studied the transition of the physical phase in a mixture of two kinds of lipids. In a thermal analysis of a mixture of dioleoylphosphatidylcholine and distearoylphosphatidylcholine, the endothermic transition appeared in two temperature regions, although the transitions became less sharp, if they were compared to the transitions of the individual lipid components. In some other cases, the mixture of two kinds of lipids, for example dipalmitoyllecithin and distearoyllecithin, caused the two endothermic phase transitions to fuse into one apparent endothermic transition. Figure 8 represents two extreme cases for the phase transitions of model membranes composed of two lipid species. In A the endothermic transition occurs in two distinctly separated regions designated at t1 and th. In B the transition occurs continuously over a wide range of temperatures bounded by t1 and th. In the temperature region above th, in both cases, the lipids are in the liquid crystalline state, and in the region below ti, the lipids are in the solid state. Between th and ti, the lipids consist of a mixture of the liquid-crystalline and solid states. It is reasonable to assume that the fluorescence yield of fluorescent probes reflects the phase transitions of lipids as shown in the lower part of Figure 8 . In case A the fluorescence will show two sharp sigmoids giving rise to two pairs of maxima and minima. In case B the fluorescence will show a single dull sigmoid with maximum and minimum that are widely separated.
Much more than two species of lipids are present in biological membranes. This implies a complex behavior of fluorescence as a function of the phase transition of membrane lipids. In some cases, it can be assumed that more than one transition occurs at different temperature regions (similar to case A of Fig. 8 ). In other instances there is apparently only one broad transition appearing over a wide range of temperature (similar to case B in Fig. 8 ).
In the case of Cyanidium the appearance of a maximum at 29 C and a minimum at 24 C in the Chl a fluorescence versus temperature curve would seem to correspond to a minor phase transition that is separated from a major one which will appear at temperatures below those used for these experiments. This behavior seems to be an example of case A in Figure 8 . In Anacystis and Euglena the maximum but not the minimum appeared at room temperatures. A minimum will probably occur below 0 C corresponding to the situation suggested by case B.
The study of artificial fluorescent probes in model membranes suggests that they are partitioned between the hydrophobic region of the membrane and the aqueous phase, and fluoresce when they are bound to the membrane (23 (6) .
